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Abstract
Reactions of small-sized cerium clusters Cen (n = 1–3) with a single water molecule
are systematically investigated theoretically. The ground state structures of the Cen/
H2O complex and the reaction pathways between Cen + H2O are predicted. Our
results show the size-dependent reactivity of small-sized Ce clusters. The calculated
reaction energies and reaction barriers indicate that the reactivity between Cen and
water becomes higher with increasing cluster size. The predicted reaction pathways
show that the single Ce atom and the Ce2 and Ce3 clusters can all easily react with
H2O and dissociate the water molecule. Under UV-irradiation, the reaction of a Ce
atom with a single H2O molecule may even release an H2 molecule. The reaction
of either Ce2 or Ce3 with a single H2O molecule can fully dissociate the H2O into H
and O atoms while it is bonded with the Ce cluster. The electronic configuration
and oxidation states of the Ce atoms in the products and the higher occupied
molecular orbitals are analyzed by using the natural bond orbital (NBO) analysis
method, from which the high reactivity between the reaction products of Cen + H2O
and an additional H2O molecule is predicted. Our results offer deeper molecular
insights into the chemical reactivity of Ce, which could be helpful for developing
more efficient Ce-doped or Ce-based catalysts.
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Introduction
Ce exhibits an intriguing electronic configuration of 4f15d16s2 with the
energy level of the inner-shell 4f orbital being very close to those of
the valence orbitals. As such, the localized 4f electron of Ce can become itinerant and contribute to chemical bonding in certain cases.
The easy transition of the 4f electron between localized and itinerant states means that the valence states of Ce are easily changeable
so that Ce can adopt multivalence states such as +3 and +4 as well
as mixed or intermediate valence states in different compounds. The
transition from the localized state to the itinerant state of the 4f electron is also involved in the fascinating properties of Ce-based bulk
materials, e.g. pressure-induced first-order phase transition with either Ce crystal1 or liquid,2 or with some Ce-based metallic glasses.3 Due
to the changeability between the Ce3+ and Ce4+ oxidation states, cerium oxide (ceria) exhibits excellent catalytic properties and has been
widely used as a stand-alone or supporting material for many catalytic reactions, such as the water–gas shift reaction,4 steam reforming
of organics,5 and reduction and oxidation reactions,6 among others.
An improved knowledge of the specific features of different oxidation
states of Ce and the transition between them at the atomic and molecular levels is of importance for understanding the reactivity and catalytic properties of the cerium oxide surface. Towards this end, cerium
oxide clusters and their reactions with small gaseous molecules have
been extensively investigated both experimentally and theoretically.7–12
Recently, the reactions between a single Ce atom and various small
gaseous molecules have been extensively investigated by means of
the matrix-isolation infrared spectroscopy technique and high-level
quantum chemistry calculations.13–18 Li et al. studied the reaction of a
single Ce atom with methanol molecules. They found that the Ce atom
can react with two methanol molecules to formH2 and a Ce(II) complex of Ce(OCH3)2 under annealing, and the Ce(II) complex can transform into a more stable Ce(IV) complex under UV-visible irradiation.13
Xu et al. found that a single Ce atom can react with silane, forming a
hydrogen bridged complex of Si(m-H)3CeH (Ce is in the Ce(II) oxidation state) under annealing, which is different from the reaction between the Ce atom and CH4, from which only the insertion H3CCeH
structure can be formed.14 The experiments performed for studying
the reaction between the Ce atom and H2O2 molecules showed that
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the Ce atoms are in the +2 and +3 oxidation states in the major products and in the +4 oxidation states in the minor products.15,16
Among all the reactions, the reaction between Ce and water molecules is of particular importance due to the relevance of producing
H2 fuel from water. Although the reactions between other lanthanides
and H2O have been extensively investigated in experiments, experimental studies on the reaction between Ce with H2O are still scarce.
Mikulas et al. studied the reaction between lanthanides and a single
H2O molecule by using density functional theory with the B3LYP functional. They proposed that HCeOH and CeO + H2 are possible main
reaction products of the reaction.18 However, the pathways for the reaction between Ce and a H2O molecule to form HCeOH or CeO + H2
were not studied in that work, and the associated major product is
still unclear. Moreover, the Ce atom may react with more H2O molecules to form high-oxidation-state cerium hydroxides, and the associated reaction pathways have not been studied thus far.
Besides the Ce atom, small Ce clusters may also possess high reactivity, and the reactivity of the Ce cluster can be strongly dependent
on the cluster size and geometry. The oxidation states of the Ce atoms
in the reaction products of the Ce clusters and gaseous molecules will
also be very different from those of a single Ce atom. Hence, a systematic study of the reaction between small Ce clusters and gaseous molecules will be helpful to achieve deeper understanding of the reactive
properties of Ce and to develop high-performance Ce-based catalysts.
In this work, we systematically studied the reactions between a single Ce atom and H2O molecules, as well as between a small Ce cluster
(Ce2 or Ce3) and H2O molecules, based on combined global structural
search and density functional theory (DFT) calculations. Possible reaction products of the reactions involving Ce, Ce2 and Ce3 with different numbers of H2O molecules are predicted. The reaction pathways
of Cen + H2O and Cen + 2H2O towards the energetically most stable
products are computed. The associated electronic configuration and
oxidation states of Ce atoms in all the products are analyzed. Here,
we will only report the results of the reactions of Cen + H2O. Those of
the reactions between Cen and more than one H2O molecule will be
reported in our forthcoming paper. Our results show that a single Ce
atom may react with one H2O molecule to release an H2 molecule under UV irradiation, while Ce2 and Ce3 can fully dissociate the H2O molecule. The reactivity of Cen with H2O shows a size-dependent feature.
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Computational method
The ground-state structures of the product from the reaction between
the Ce atom or Ce clusters and H2O were obtained from the combined structural search and DFT calculations. The low-lying candidate
isomers of the reaction products were obtained from the structural
search using the evolutionary algorithm implemented in the Universal Structure Predictor: Evolutionary Xtallography (USPEX) package.19,20
150 structures were generated randomly in the first generation with
the constraint of various point group symmetries. 30 isomers were
generated in the subsequent generations by performing various evolutionary operations. The structural relaxation of each isomer was performed using the plane-wave density functional theory (DFT) method
implemented in the VASP 5.4 package.21,22 The Perdew–Burke–Enzerhof
(PBE) exchange–correlation functional23 and an energy cutoff of 400
eV are adopted in the structural optimization using the VASP package. The projector augment wave (PAW) pseudopotentials are chosen to describe the interactions of elements, for which the number
of valence electrons of H, O, and Ce are 1, 6 and 11, respectively. The
isomers with distinct geometrical structures and low energies (within
0.1 eV per atom from the lowest-energy isomer) were identified for
the next-stage high-level structural optimization.
The low-lying isomers selected from the structural search were
re-optimized at a higher level of DFT using the hybrid B3LYP functional, implemented in the Gaussian 09 program.24,25,26 All-electron
6-311++G(d,p) basis sets were used for H and O atoms. For the Ce
atoms, the energy-consistent effective-core potential (ECP) with 28
core electrons and the SDD basis set were adopted.27,28 The geometries were fully relaxed via an analytic gradient algorithm, followed by
vibrational frequency calculation to ensure that each geometry was
optimized into a local minimum. We also performed two other benchmark computations at the CAM-B3LYP/6-311++G(d,p) (SDD for Ce)
and dispersion-corrected B3LYP/TZP(ZORA) levels of theory, respectively. Both levels of theory give very close results to the B3LYP/6311++G(d,p) (SDD for Ce) level of theory used in this work.
The reaction pathways between the Ce clusters and the H2O molecules were explored using a two-step approach. Firstly, we employed
the nudged-elastic-band (NEB) method implemented in the VTST
code29–32 combined with the VASP package to search for possible
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low-barrier reaction pathways. Since there could be several intermediate states in the reaction pathway, a sole NEB search is not enough
to explore all the possible intermediate states and transition states.
Hence, several NEB searches are performed. Specifically, from the firststep NEB search, we can obtain a rough minimum-energy path (MEP)
between the reactant and product. There may be several local minima
on the MEP curve, which may correspond to the intermediate states.
Based on the local minima on the MEP curve, we split the reaction
path into several segments, and for each segment, a second-step NEB
search is performed. For a particular segment, if there were also local
minima existing on the MEP curve from the second NEB search, further splitting of the reaction route and a third-step NEB search would
be performed. Lastly, for each segment, there is only one saddle point
in the MEP curve, which corresponds to the transition state of this segment. In each NEB search, ten images are inserted between the original and final images.
Secondly, the structure at each saddle point in the MEP curve is selected as the initial guess for the transition-state structure and then
optimized using the Berny algorithm implemented in Gaussian 09 to
obtain the optimized transition state structure.33 Next, the intrinsic
reaction coordinates (IRC) analysis is performed in both the forward
and backward directions to obtain the reactant and product geometries of this segment.
Results and discussion
1. The reaction path between Cen and a single H2O molecule
(a) Reaction: Ce + H2O. We first study the reaction between a Ce
atom and a single water molecule. The structural search and DFT calculation at the B3LYP/6-311++G(d,p) (SDD for Ce) level of theory reveal that the ground-state structure of the product is CeO + H2 as
shown in Figure 1(e), a mixture of CeO and H2 molecules. This result
shows that a single Ce atom may be capable of decomposing a water molecule into hydrogen under certain conditions.
The Ce + H2O reaction starts from Ce(H2O) (Fig. 1(a)), i.e. molecular adsorption of H2O on the Ce atom. The reactant is 2.491 eV higher
in total energy than the product. Based on the computed reaction
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Fig. 1. The energy diagram and the structures of the reactant (a), intermediate (c),
transition states (b) and (d), and product (e), involved in the Ce + H2O reaction. The
energies are calculated at the B3LYP/6-311++G(d,p) (SDD for the Ce atoms) level.

path, there exists an intermediate state HCeOH (Fig. 1(c)), whose energy is 0.101 eV higher than that of the product. In HCeOH, the H2O
molecule is dissociatively adsorbed on the Ce atom. The length of the
Ce–O bond is 2.067 A, about 0.2 A shorter and longer than the length
of the Ce–O bond in the reactant Ce(H2O) and product CeO + H2, respectively. The structures of the first transition state from the reactant
Ce(H2O) to the intermediate HCeOH, and the second from the intermediate to the product CeO + H2, denoted as TS1 and TS2, are shown
in Fig. 1(b) and (d), respectively.
The energy diagram for the reaction between a Ce atom and a single H2O molecule is shown in Fig. 1. The energy barrier of the first-step
reaction is 0.313 eV and that of the reverse reaction is 2.703 eV. The
much lower barrier for the forward reaction compared to that of the
backward reaction means that the forward reaction is dominant under ambient conditions. The energy barrier of the second-step reaction is 0.921 eV, suggesting that this reaction can occur under ambient
conditions along with certain stimulations, e.g. UV-visible irradiation.
The barrier of the reverse second-step reaction is 1.022 eV, very close
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to that of the forward reaction. Hence, the possibilities from HCeOH
to CeO + H2 and from CeO + H2 to HCeOH are very close. Overall, for
the reaction between a Ce atom and a single H2O molecule, the major reaction product is expected to be HCeOH at room temperature,
whereas under irradiation, CeO + H2 can be major products as well.
(b) Reaction: Ce2 + H2O. For the reaction between a Ce2 cluster and a
single H2O molecule, the ground state structure is H2Ce2O, as shown in
Figure 2(g), with the H2O molecule being fully dissociated, and the H
and O atoms being bonded with both Ce atoms. H2Ce2O has C2v symmetry. The H2O can also adsorb on the Ce2 cluster through the Ce–O
bond, forming Ce2(H2O) (see Fig. 2(a)). It is 4.180 eV higher in energy
than the ground-state structure H2Ce2O. Starting from Ce2(H2O), the
reaction undergoes two intermediate states prior to the formation of
H2Ce2O. The first intermediate state is named CeHCeOH (Fig. 2(c)). The
structure at the first transition state, from Ce2(H2O) to CeHCeOH, is
named TS1 (Fig. 2(b)). The adsorbed H2O molecule in Ce2(H2O) rotates

Fig. 2. The energy diagram and the structures of the reactant (a), intermediates (c)
and (e), transition states (b), (d) and (f), and product (g) involved in the Ce2 + H2O
reaction. The energies are calculated at the B3LYP/6-311++G(d,p) (SDD for the Ce
atoms) level.

Zhou et al. in Phys. Chem. Chem. Phys. 21 (2019)

8

towards the other Ce atom. The interaction between one of the H atoms and the two Ce atoms becomes stronger as they are closer. Eventually, the H–O bond is broken due to the strong interaction between
Ce and the H atom, forming CeHCeOH. The hydroxyl group in CeHCeOH can also easily rotate around the bonded Ce atom. When it
rotates near the Ce–Ce bond center, another Ce–O bond is formed,
giving the second intermediate HCe2OH (Fig. 2(e)). The transition state
from CeHCeOH to HCe2OH is named TS2 (see Fig. 2(d)). The reaction
from HCe2OH to H2Ce2O needs to pass the transition state TS3 (Fig.
2(f)). The H atom of the hydroxyl group in HCe2OH rotates around
the O atom, and when it is close enough to the Ce atoms, two Ce–H
bonds are formed, leading to the ground-state structure H2Ce2O.
The energy diagram of the reaction between Ce2 and H2O is also
shown in Fig. 2. The energy barrier of each reaction step is 0.100 eV,
0.298 eV and 0.686 eV, respectively. The corresponding reverse energy barriers are 2.388 eV, 0.431 eV and 2.439 eV, respectively. According to the energy barriers, the first-step and second-step reactions
proceed more easily than the third step at room temperature. So the
abundance of the intermediate HCe2OH is likely higher than that of
the ground state structure.
(c) Reaction: Ce3 + H2O. The reaction between a Ce3 cluster and a
single H2O molecule is much more complicated than those associated with Ce and Ce2. Our structural search shows that there are several low-lying structures with close energies. The ground-state structure is H2Ce3O, as shown in Figure 3(k), with the H2O molecule being
fully dissociated and each atom bonded with two Ce atoms of the
Ce3 cluster. For other close-energy structures, the positions of H atoms are different. Moreover, H2O can also molecularly adsorb on the
Ce3 cluster (named Ce3(H2O), as shown in Fig. 3(a)). The latter is much
higher in energy (5.539 eV) than the ground-state structure H2Ce3O.
Ce3(H2O) can transform into H2Ce3O through five-step reactions, passing through four intermediate states (named INT1–INT4, as shown
in Fig. 3(c, e, g and i)) and five transition states (named TS1–TS5, as
shown in Fig. 3(b, d, h and j)). The relative energies of the intermediates INT1 to INT4 with respective to the ground state structure are
2.817 eV, 2.269 eV, 2.183 eV, and 0.205 eV, respectively. The full reaction path can be depicted as follows: firstly, the adsorbed H2O molecule rotates around the bonded Ce atom towards the center of the
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Fig. 3. The energy diagram and the structures of the reactant (a), intermediate states
(c), (e), (g), and (i), transition states (b), (d), (f), (h), and ( j) and product (g) involved
in the Ce3 + H2O reaction. The energies are calculated at the B3LYP/6-311++G(d,p)
(SDD for the Ce atoms) level.

Ce3 trimer. Then, one O–H bond of H2O is broken due to the interaction between an H atom and Ce atoms, forming INT1. Secondly, the
hydroxyl group rotates around the bonded Ce atom (named Ce1) towards one of the other Ce atoms (named Ce2). Then, INT1 transforms
into INT2. Thirdly, the dissociated H atom from H2O moves from the
center to the outside of the Ce3 triangle, and the structure transforms
into INT3. Fourthly, the hydroxyl group rotates around the bonded
side towards the center of the Ce3 triangle, and then the other H is
dissociated from the hydroxyl group. The structure transforms from
INT3 into INT4. The last step is similar to the third step, where the H
atom in the center moves to the outside of the Ce3 triangle.
The energy diagram of the reaction between a Ce3 cluster and a
single H2O molecule is shown in Fig. 3. The energy barrier from the
reactant Ce3(H2O) to INT1 is 0.064 eV, whereas the barrier of the reverse reaction is 3.134 eV. Hence, Ce3(H2O) is dynamically unstable
and can easily transform into INT1. For the second-step reaction, the
energy barriers of the forward and reverse reactions are 0.259 eV and
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0.807 eV, respectively. The notable difference between the two barriers means that the reaction from INT1 to INT2 is easy and nearly irreversible. The transition between INT2 and INT3 will be very easy because the energy barriers of both the forward and reverse reactions
between INT2 and INT3 are very low, being 0 eV and 0.084 eV, respectively. The energy barrier from INT3 to INT4 is 0.776 eV, which can
be overcome by high-energy excitation. Once INT4 is formed, it can
easily transform into the ground state structure because the energy
barrier is almost zero, from INT4 to H2Ce3O. Based on the energy diagram, we expect that the intermediate structures INT2 and INT3 may
have relatively high abundance in the reaction product, while under
high-energy excitation (e.g. UV-visible irradiation), INT4 and H2Ce3O
can also form.

2. Reactivities of Cen with a single H2O molecule
In order to evaluate the reactivity of Cen with a single water molecule,
we calculated the reaction energy of each reaction, as listed in Table
1. Apparently, for all the Ce clusters concerned, the reaction with a
water molecule to the ground state product is exothermic. The exothermic energies increase with the increase in the cluster size, meaning that a larger Ce cluster may more easily react with a H2O molecule to form more stable products.
The critical steps of each reaction are the dissociation of the first
and second H atom. The energy barrier of the first H’s dissociation
can reflect the reactivity of the Cen cluster, and that of the second H’s
Table 1. Reaction energies of the reactions of Cen + H2O, binding energy of
Cen(H2O), and the barrier energies of the dissociation of the 1st and 2nd H in each
reaction.
		
Energy barrier (eV)
Reaction
energy
Dissociation
Dissociation Adsorption
Reaction
(eV)
of 1st H
of 2nd H
energy (eV)
Ce + H2O → CeO + H2
Ce2 + H2O → H2Ce2O
Ce3 + H2O → H2Ce3O

–3.149

0.313

0.921

0.657

–4.757

0.100

0.686

0.576

–5.876

0.064

0.766

0.536
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dissociation reflects the difficulty in yielding the ground state product. The calculated energy barriers of the first and second H’s dissociations are also listed in Table 1. For the dissociation of the first H,
the energy barrier in the reaction of Ce + H2O is 0.313 eV, while those
in the reactions of Ce2 + H2O and Ce3 + H2O are not higher than 0.1
eV, meaning that the reactions between Ce2 or Ce3 and a single H2O
molecule are much easier than that between a Ce atom. Moreover,
as the cluster size increases, the energy barrier of the first H dissociation decreases monotonically, indicating that the reactivity of Cen
with H2O increases with the increase of the cluster size, at least in the
size range of n ≤ 3.
For the dissociation of the second H, the energy barriers are all
much higher than those of the 1st H. The energy barrier of the second
H’s dissociation in the reaction of Ce + H2O is also obviously larger
than those of the reactions of Ce2 + H2O and Ce3 + H2O, similar to that
of the 1st H’s dissociation. However, the energy barriers of the second H’s dissociation do not decrease monotonically with the increase
in the cluster size. The lower energy barrier of the dissociation of the
second H atom also indicates that the reactivities of Ce2 and Ce3 are
higher than that of the single Ce atom.
In order to understand the size-dependent reactivity of Cen with
H2O, we first consider the binding between the H2O molecule and Cen.
As listed in Table 1, the adsorption energy of H2O on Cen decreases
slightly with the increase in cluster size, indicating that the binding of
a single Ce atom with H2O is a little stronger compared to those of
Ce2 and Ce3 with H2O. All the values are very small. Usually, a higher
adsorption energy means a higher reactivity, so the size dependent
reactivity of Cen with H2O has little relation with the binding between
Cen and the H2O molecule.
As discussed in the above subsection, the dissociation of H from
the adsorbed H2O needs the assistance of the neighboring Ce atoms. So the Ce–H interaction plays an important role in the dissociation of H from the adsorbed H2O. The Ce–H distance can characterize the overlap of the outmost atomic orbitals of H and Ce atoms and
reflect the interaction between Ce and H atoms. As seen in Fig. 1–3,
the distance between H1 (the first dissociated H atom) and Ce1 (directly bonded with H2O) in the reactant is 3.193 Å in Ce(H2O), 2.786
Å in Ce2(H2O), and 2.691 Å in Ce3(H2O). So, the Ce1–H1 interaction
in Ce(H2O) is much weaker than those in Ce2(H2O) and Ce3(H2O) due
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to the much longer Ce1–H1 distance. Hence, owing to the difference in the Ce1–H1 interaction, it should be easier for the adsorbed
H2O in Ce2(H2O) and Ce3(H2O) to tilt towards the Ce1 atom, compared to Ce(H2O). Moreover, as the H2O tilts towards Ce1, the interaction between H1 and the other Ce atoms in Ce2(H2O) and Ce3(H2O)
becomes stronger, which further helps in moving H1 towards the Ce
clusters. In Ce(H2O), because only one Ce atom exists, the movement
of H1 towards the Ce atom is surely more difficult compared to that
in Ce2(H2O) and Ce3(H2O). Hence, the barrier of the dissociation of the
first H in the reaction of Ce + H2O is much higher than that in the reaction of Ce2 + H2O and Ce3 + H2O.
For the dissociation of the second H atom, as seen in Fig. 1–3, the
distances between H2 and the nearest Ce atoms in HCeOH of the Ce
+ H2O reaction, HCe2OH of the Ce2 + H2O reaction, and INT3 of the Ce3
+ H2O reaction are all longer than 3.0 Å. Moreover, the OH radical and
the Ce atom in HCeOH are almost in the same line, and the OH radical and the Cen clusters in HCe2OH and INT3 are almost in the same
plane. So the outermost atomic orbitals of H2 and the Ce atoms cannot overlap directly. As such, the interaction between H2 and the Ce
atoms in these intermediate structures is much weaker, compared to
the interaction between H1 and the Ce atoms in the reactants. Hence,
the dissociation of the second H in each reaction is much more difficult than that of the first H.

3. Electronic structures of the reaction products
The products of the reaction between Cen and a single H2O molecule
may further react with additional H2O or other gas molecules. The reactivity is correlated with the valence states of the Ce atoms and the
frontier molecular orbitals. We first computed the electronic properties of the stable structure of the reaction products of Cen + H2O using
the Natural Bond Orbital (NBO) analysis method. The charges of Ce, O
and H atoms, and the electronic configuration of Ce atoms in various
products are listed in Table 2. Based on the data, the valence states
of the Ce atoms in each structure are determined, as listed in Table 2.
For the reaction of Ce + H2O, there may be two stable reaction
products (CeO and HCeOH). The Ce atom adopts the Ce(II) oxidation state in both structures. Because Ce can mostly adopt the Ce(IV)
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Table 2. Natural bond orbital (NBO) analysis for the main products of the Cen +
H2O (n = 1–3) reactions.
		
Charge
					
Reaction
Isomers
Ce
O
H

Valence
Population
state (Ce) of Ce

Ce + H2O
HCeOH
1.24
–1.19 –0.54
				
0.50
CeO
1.07
–1.07 		

+2

4f1.125d0.786s0.82

+2

4f1.225d0.776s0.92

Ce2 + H2O HCe2OH
0.58
		0.58
H2Ce2O
1.04
		1.04

+1
+1
+2
+2

4f1.165d1.476s0.74
4f1.165d1.476s0.74
4f1.155d0.956s0.78
4f1.125d0.916s0.83

+0.5
+1.5
0
+1.5
+1.5
+1.0

4f1.135d1.476s0.65
4f1.125d1.486s0.96
4f1.125d2.096s0.77
4f1.135d1.316s0.60
4f1.135d1.356s0.54
4f1.085d1.936s0.66

–1.20 –0.46
0.49 		
–1.20 –0.44
–0.44 		

Ce3 + H2O INT3
0.41
–1.18 –0.42
		0.71
0.49 		
		0.00 			
H2Ce3O
0.92
–1.20 –0.45
		0.90
–0.44 		
		0.27 			

oxidation state, CeO and HCeOH can further react with additional H2O
molecules. In the CeO structure, as seen in Table 2, Ce transfers about
1.07e to O, forming a covalent Ce–O bond. In the HCeOH structure,
Ce is bonded with an H atom and a hydroxyl radical, donating 0.5e
and 0.74e to H1 and the OH radical, respectively. The O atom in CeO
and HCeOH accepts 1.07e and 1.19e, respectively. So when the intermediate structure HCeOH transforms into the ground state product
CeO + H2, some electrons transfer back from the O atoms to the Ce
atom, which mainly occupy the 4f and 6s orbitals of Ce.
For the reaction of Ce2 + H2O, in the lowest-energy product H2Ce2O,
each of the H and O atoms is bonded with both Ce atoms. As shown
in Table 2, both H atoms and the O atom draw electrons from the Ce
atoms, forming Ce–H and Ce–O bonds. So each Ce atom is in the Ce(II)
oxidation state. In the intermediate state structure HCe2OH, both Ce
atoms adopt the Ce(I) oxidation state because they contribute electrons equally to the H1 atom and the OH radical. Both structures can
also react with additional H2O molecules because the Ce atoms in
them do not reach their maximum oxidation states.
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The valence states of the Ce atoms in the reaction products of Ce3
+ H2O are very complicated. In H2Ce3O (the lowest-energy product of
Ce3 + H2O reaction), both H atoms draw electrons from the Ce atoms,
and they are both in –1 valence states. The O atom is in the –2 valence state as usual. As a consequence, the overall Ce3 cluster should
be in the +4 valence state. For different Ce atoms, the two Ce atoms
(Ce1 and Ce2) bonded with O should possess valence states between
+1 and +2 because they not only share the O atom with each other
but also share one H atom with the third Ce atom (Ce3). Ce3 shares
the two H atoms with Ce1 and Ce2, respectively, and it should be in
the +1 state. Hence, considering the symmetry, the valence states of
Ce1 and Ce2 should be +1.5. In another possible reaction product of
Ce3 + H2O, the intermediate state INT3, the H2O molecule dissociatively adsorbs on the Ce3 cluster, as shown in Fig. 3. So the Ce3 cluster
should be in the valence state of +2. For individual atoms, as listed in
Table 2, Ce1 to Ce3 possess positive charges of 0.41, 0.71 and 0.0, respectively. The H atom bonded with Ce1 and Ce2 draws 0.42e from
the Ce atoms, and the other H atom donates 0.49e to the O atom. So
0.69e are transferred from Ce1 and Ce2 to O. From the charges of all
the atoms in INT3, we can suppose that the valence states of Ce1 to
Ce3 are +0.5, +1.5 and 0, respectively.
From the oxidation states of the Ce atoms in the intermediate and
ground state products of each reaction, we can speculate that the intermediate product should be more reactive than the ground state
product because the oxidation states of the Ce atoms in the intermediate products are usually lower than those in the ground state products. Moreover, the reactivity of the products of Cen + H2O should
increase with the increase in the cluster size n. The results of the reaction between Cen with additional H2O molecules will be reported in
our forthcoming paper.
To further evaluate the reactivity of the reaction products of Cen
+ H2O, the frontier molecular orbitals of the stable products are also
studied. Because the dissociation of H from the H2O molecule needs
electron transfer from the cerium hydroxide during the reaction, we
only consider the occupied frontier molecular orbitals.
Several higher occupied molecular orbitals of the reaction products of Ce + H2O are shown in Figure 4, and the corresponding eigenvalues and the compositions of these are listed in the supplementary information, Table S1. For both CeO and HCeOH, the topmost
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Fig. 4. The high-energy occupied molecular orbitals of the reaction products of Ce
+ H2O.

two occupied molecular orbitals for alpha spin come from the Ce
atom, and the other higher occupied molecular orbitals correspond
to the Ce–O or Ce–H bonds. For each structure, the HOMO is a hybridization of the valence atomic orbitals of Ce, mostly composed of
the 6s orbital, while the HOMO–1 is the localized 4f atomic orbital of
Ce. Since the electrons on HOMO and HOMO–1 all come from the
Ce atom, they can easy transfer to the gas molecules during the reaction. So CeO and HCeOH surely can react with another H2O or other
gas molecules.
For the reaction products of Ce2 + H2O, as shown in Figure 5, there
are eight occupied molecular orbitals composed of Ce-based orbitals for both the ground state structure H2Ce2O and the intermediate
structure HCe2OH. For H2Ce2O, the topmost three occupied MOs of
the alpha spin and the HOMO of the beta spin all come from the Ce
lone-pair (LP) orbitals. The Ce–H bond MOs correspond to relatively
lower energies. The HOMO of the alpha spin is due to the hybridization of the Ce 6s and 5d orbitals, and the other Ce LP orbitals are all
originated from the localized 4f orbital of Ce. Totally, four electrons
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Fig. 5. Higher occupied molecular orbitals of the reaction products of Ce2 + H2O.

occupy the Ce LP orbitals, and both Ce atoms are in the Ce(II) oxidation states. The electrons occupying the Ce LP orbitals will assist the
reaction of H2Ce2O with additional H2O or other gas molecules.
For HCe2OH, the topmost two occupied MOs of both alpha and
beta spins correspond to the Ce–Ce bonds, which are mainly composed of the 6s and 5d orbitals of Ce. The HOMO–2 and HOMO–3 of
the alpha spin of HCe2OH are LP orbitals of Ce, which correspond to
the localized 4f atomic orbitals of Ce1 and Ce2, respectively. There are
totally six electrons occupying the MOs of the Ce–Ce bonds or the Ce
LP orbitals, so in HCe2OH, both Ce atoms are in Ce(I) oxidation states.
More H2O may react with HCe2OH due to the abundant valence electrons on the Ce atoms.
The higher occupied molecular orbitals of the products H2Ce3O and
INT3 of the Ce3 + H2O reaction are shown in Figure 6. The topmost
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Fig. 6. Higher occupied molecular orbitals of the reaction products of Ce3 + H2O.

eight MOs of H2Ce3O and the topmost ten MOs of INT3 all come from
the Ce atoms. For both structures, the five higher occupied MOs correspond to the Ce–Ce bonds, and the other MOs correspond to the
LP orbitals of Ce. Ce3 contributes to all the MOs of the Ce–Ce bonds,
so there are more electrons on Ce3 compared to Ce1 and Ce2. The
electrons can easily transfer among the Ce atoms. The high number
of electrons on the Ce atoms ensures that both H2Ce3O and INT3 possess high reactivity with additional H2O molecules.
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Conclusion
In conclusion, the chemical reactions between a single Ce atom, Ce2
or Ce3 clusters and a single water molecule are investigated theoretically by using combined global structural search and DFT calculations, as well as the reaction paths search method. The reaction pathways of Cen + H2O are predicted. Based on the predicted ground state
structures of the reaction products of Cen + H2O, the reaction energies are calculated. The calculated reaction energies and the barriers
of the reactions indicate that the reactivity of a Ce cluster with water
increases as the size increases. The size-dependent reactivity is explained based on the overlapping of the Ce and H orbitals. Our studies show that a single Ce atom can easily react with a water molecule
to form the HCeOH molecule under ambient conditions, while under
UV-irradiation, an H2 molecule can be released. Ce2 and Ce3 can more
easily dissociate a water molecule into the H and OH radical, forming
an HCenOH complex. Both clusters can fully dissociate the water molecule into isolated atoms under UV-irradiation. The electronic structures of the possible reaction products are analyzed, with which the
oxidation states of Ce are evaluated. Moreover, based on the electronic structure analysis, we predict that all products possess high reactivity and can react with additional water molecules.
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Table S1 The energies, compositions and occupancies of the high-energy molecular orbitals of the
reaction products.
Isomers

Spin

Bond

Composition

Occupancy

Energy
(a.u.)

CeO

α

Ce(LP)

100%(6s0.916p0.044d0.05)

0.99

-0.13721

100%(4f0.99)

1.00

-0.20270

13%Ce(5d0.774f0.23 )+87%O(2p1.0)

1.00

-0.30391

13%Ce(5d0.774f0.23 )+87%O(2p1.0)

1.00

-0.30391

22%Ce(5d0.604f0.30 )+78%O(2s0.132p0.87)

1.00

-0.49433

11%Ce(5d0.764f0.23 )+89%O(2p1.0)

1.00

-0.30463

11%Ce(5d0.764f0.23 )+89%O(2s0.042p0.96)

1.00

-0.30463

21%Ce(5d0.684f0.24 )+79%O(2s0.112p0.89)

1.00

-0.48379

100%Ce(6s0.695d0.25)

1.00

-0.13838

100%Ce(4f)

1.00

-0.23434

Ce-H

24%Ce(6s0.195d0.664f0.12 )+76%H(1s1.0)

1.00

-0.26017

β

Ce-H

23%Ce(6s0.335d0.574f0.07 )+77%H(1s1.0)

1.00

-0.25932

α

Ce1(LP)

100%Ce1(6s0.695d0.21)

1.00

-0.11910

Ce1(LP)

100%Ce1(4f)

1.00

-0.21410

Ce2(LP)

100%Ce2(4f)

1.00

-0.21995

CeH

18%Ce(6s0.205d0.664f0.10 )+82%H(1s1.0)

0.86

-0.23772

CeH

18%Ce(6s0.205d0.664f0.10 )+82%H(1s1.0)

0.86

-0.23772

Ce2(LP)

100%Ce2(4f)

0.95

-0.11222

CeH

16%Ce(6s0.095d0.754f0.08 )+84%H(1s1.0)

0.86

-0.23138

CeH

16%Ce(6s0.095d0.754f0.08 )+84%H(1s1.0)

0.86

-0.23138

Ce-O

β

HCeOH

H2Ce2O

α

β

Ce-O

Ce(LP)

HCe2OH

α

β

H2Ce3O

α

β

INT3

α

β

Ce1-Ce2

50%Ce1+50%Ce2(5d0.744f018)

1.00

-0.12588

Ce1-Ce2

50%Ce1+50%Ce2(6s0.615d0.34)

1.00

-0.15049

Ce2(LP2)

100%Ce2(4f)

1.00

-0.18618

Ce1(LP1)

100%Ce1(4f)

1.00

-0.18620

Ce-H

17%Ce(6s0.195d0.69 )+83%H(1s1.0)

0.86

-0.22557

Ce1-Ce2

50%Ce1+50%Ce2(6s0.285d0.66)

1.00

-0.11623

Ce1-Ce2

50%Ce1+50%Ce2(6s0.415d0.52)

1.00

-0.15388

Ce-H

16%Ce(6s0.165d0.71 )+84%H(1s1.0)

0.87

-0.22809

Ce1-Ce3

43%Ce1(6s0.115d0.78)+57%Ce3(5d0.95)

0.73

-0.06841

Ce2-Ce3

56%Ce2(6s0.555d0.40)+44%Ce3(6s0.325d0.62)

0.95

-0.13261

Ce1-Ce3

55%Ce1(6s0.475d0.46)+45%Ce3(6s0.315d0.63)

0.96

-0.13822

Ce1(LP)

100%Ce1(4f)

1.00

-0.17970

Ce3(LP)

100%Ce3(4f)

1.00

-0.18680

Ce2-Ce3

53%Ce2(6s0.465d0.48)+47%Ce3(6s0.245d0.73)

0.70

-0.05556

Ce2-Ce3

33%Ce2(6s0.135d0.75)+67%Ce3(6s0.405d0.54)

0.76

-0.08027

Ce2(LP)

100%Ce2(4f)

0.99

-0.17959

Ce2-Ce3

50%Ce2(6s0.235d0.70)+50%Ce3(5d0.85)

0.70

-0.08213

Ce2-Ce3

43%Ce2(6s0.255d0.64)+54%Ce3(6s0.285d0.66)

0.76

-0.09457

Ce1-Ce3

49%Ce1(6s0.545d0.39)+51%Ce3(6s495d0.48)

0.95

-0.16865

Ce3(LP)

100%Ce3(4f)

0.99

-0.17951

Ce1(LP)

100%Ce1(4f)

0.99

-0.19112

Ce2(LP)

100%Ce2(4f)

1.00

-0.19693

Ce2(LP)

100%Ce1(5d0.87)

0.35

-0.00253

Ce1-Ce3

51%Ce1(5d0.93)+49%Ce3(5d0.92)

0.91

-0.10738

Ce2-Ce3

63%Ce2(6s0.495d0.44)+37%Ce3(6s0.245d0.70)

0.96

-0.15069

Ce1-Ce3

69%Ce1(6s0.89)+31%Ce3(6s0.605d0.35)

0.97

-0.18440

